Abstract: Protein-DNA interactions are the physical basis of gene expression and DNA modification. Structural models that reveal these interactions are essential for their understanding. As only a limited number of structures for protein-DNA complexes have been determined by experimental methods, computation methods provide a potential way to fill the need. We have developed the DISPLAR method to predict DNA binding sites on proteins. Predicted binding sites have been used to assist the building of structural models by docking, either by guiding the docking or by selecting near-native candidates from the docked poses. Here we applied the DISPLAR method to predict the DNA binding sites for 20 DNAbinding proteins, which have had their DNA binding sites characterized by NMR chemical shift perturbation. For two of these proteins, the structures of their complexes with DNA have also been determined. With the help of the DISPLAR predictions, we built structural models for these two complexes. Evaluations of both the DNA binding sites for 20 proteins and the structural models of the two protein-DNA complexes against experimental results demonstrate the significant promise of our model-building approach.
INTRODUCTION
Interactions between proteins and DNA are central to life. The structures of the complexes formed between proteins and DNA are essential to understand these interactions at the atomic level. In particular, these structures reveal the mechanisms of protein-DNA recognition [1] . Experimental methods such as X-ray crystallography and NMR spectroscopy have resulted in structures for a significant number of protein-DNA complexes. However, structures of many more protein-DNA complexes are still to be determined.
In line with the unique structural and physical properties of DNA molecules, their binding sites on proteins also have distinct characteristics. DNA are highly negatively charged; correspondingly their binding sites are usually enriched with positively charged amino acids [2] . Double-stranded DNA have a regular double-helix structure, with grooves that allow protein structural elements to fill up and interact with the DNA bases. These characteristics provide the basis for computational methods to predict DNA binding sites on proteins, which in turn can be used to build structural models for protein-DNA complexes.
A number of methods have been developed to predict DNA binding sites, based on either sequences alone or the unbound structures of the proteins [2] [3] [4] [5] [6] [7] [8] . Of these our DIS-PLAR method [2] makes its predictions from the sequence profiles of a list of spatially neighboring residues. These predictions are of higher accuracy than the corresponding predictions of protein-protein interfaces [9, 10] , perhaps reflect-*Address correspondence to this author at the Department of Physics and Institute of Molecular Biophysics, Florida State University, Tallahassee, FL 32306, USA; Tel: (850) 645-1336; Fax: (850) 644-7244; E-mail: hzhou4@fsu.edu ing the stronger characteristics of residues present in protein-DNA interfaces. Like their experimental counterparts such as hydrogen exchange and chemical shift perturbation, binding interface prediction methods can provide valuable information for characterizing the interactions between proteins and their DNA targets.
Complementary to interface prediction, structural models of protein complexes, especially those involving only proteins, have been built through docking. Docking methods have been evaluated by the CAPRI exercises (http://www.ebi.ac.uk/msd-srv/capri/). In cases where conformational changes between the unbound state and the bound state are limited (i.e., those devoid of gross conformational rearrangement and severe distortion of interfacial side chains or loops), model building by docking has been quite successful [11] . Docking of protein-DNA complexes has also been specifically investigated [12] [13] [14] [15] .
Interface prediction has shown promises in assisting the docking of protein-protein complexes in CAPRI exercises [16] [17] [18] and the docking of protein-DNA complexes [14] . The higher accuracy of predicted DNA binding sites, noted above, means that they have greater potential in providing useful constraints for building structural models of protein complexes [19] .
In this study, we first assess the quality of DNA binding sites predicted by DISPLAR for 20 proteins. The assessment is based on chemical shift perturbation data collected from the literature [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] ; a similar assessment of our proteinprotein interaction site prediction was made previously [10] . Using the predicted DNA binding sites, we build structural models for two of the protein-DNA complexes, for which structures are now available from the Protein Data Bank (PDB). The study shows that the combination of interface prediction and docking produces very promising results, though with some traps along the way.
METHODS

Dataset Collection
The chemical shift perturbation data were collected from the literature by searching the PUBMED (www.ncbi.nlm.nih.gov/pubmed/) with keyword "chemical shift" and "DNA", followed by manual curation. For each of the DNA-binding proteins with chemical shift perturbation data, the list of residues with significant chemical shift perturbations upon DNA binding was recorded. The criteria for what counted as significant chemical shift perturbations were somewhat arbitrary; different authors chose slightly different criteria. Because there was no easy way to choose a uniform criterion for different DNA-binding proteins, we simply followed the designations of the original authors.
The sequences of these DNA-binding proteins were aligned against each other to check for similarity. The alignment was done by the BLAST program, with the cutoff for similarity set with a threshold value of 10 -3 for the expectation value. When redundancy did occur, the expectation value was always far lower than the threshold; hence redundancy was easy to recognize. When that happened, the entry with a longer sequence was retained. The retained sequences were further aligned against the training set of the DISPLAR program. Those with sequence similarity with the training set were removed.
The final list of 20 DNA-binding proteins, including names and PDB entries in the unbound state, and their residues reported as showing significant chemical shift perturbations upon DNA binding are found in Table 1 . Because DIS-PLAR makes predictions only on surface residues, defined as those with > 10% solvent accessibility, only surface residues are listed.
DNA Binding Site Prediction
DISPLAR is available as a web server at http://pipe.scs.fsu.edu/displar.html. It uses a trained neural network to predict DNA binding sites, with input given by the sequence profiles, obtained from running PSI-Blast, of a list of spatially neighboring residues [2] . The neighbor list was calculated from the unbound structure of the protein. Of the 20 DNA-binding proteins studied here, 16 structures were determined by NMR spectroscopy and the other 4 were determined by X-ray crystallography. In the former case we used either the first model or the model representing the average structure of an ensemble. In some cases, the N-or Cterminal was described as particularly flexible; such regions were removed. In such cases the actual segment used for prediction is listed in Table 1 .
For comparison, we also obtained predictions by the Patch Finder Plus (PFplus) method [40] . In this method, the DNA binding site was identified as the largest positive electrostatic patch; the electrostatic potential was calculated using the UHBD program. The predictions were done through the PFplus server (http://pfp.technion.ac.il). The DIS-PLAR and PFplus predictions were both assessed against the chemical shift perturbation data. For both DISPLAR and PFplus, the assessment is limited to surface residues (i.e., those with > 10% solvent accessibility).
Selection of Targets for Docking
We searched for known structures of complexes formed by the 20 proteins with their cognate DNA, to be used as targets for evaluating structural models built by docking (described below). To that end, the BLAST program was run to align the sequences of the 20 proteins against all the protein sequences in the PDB. The PDB names of the BLAST matches were then compared against all the PDB entries containing nucleic acids. A match in PDB name in the second comparison meant that a PDB entry contained a complex between a protein under study and a DNA. Structures of DNA-bound complexes were found for 7 of the 20 proteins studied. Of these, RecA C-terminal domain and CspB were bound to single-stranded DNA; HNF-6 and TRP C-terminal domain showed significant changes between the unbound structures solved by NMR spectroscopy and the bound structures solved by X-ray crystallography; and FtsK domain was bound to a nonspecific DNA. Hence we were left with two targets: the complexes of the CXXC domain of the mixed-lineage leukemia (MLL) protein and the origin binding domain (OBD) of SV40 with their respective DNA. The DNA-bound complex of MLL CXXC domain is in PDB entry 2kkf [41] . For SV40 OBD, two DNA-bound structures were solved, with somewhat different DNA sequences capping the cognate motif; the PDB names of the two complexes are 2itl and 2nl8, respectively [42] .
Building of Structural Models by Docking
The DNA molecules used for docking with the proteins had standard B-DNA conformations, and were built using the 3D-DART program [43] from sequences; that program in turn was based on the 3DNA program [44] . The DNA sequences were taken from those in the protein-DNA complexes [41, 42] . For MLL CXXC domain, the DNA sequence of the 5 -3 strand was CCCTGCGCAGGG. For SV40 OBD, the two DNA sequences were AGAGGCC and CGAGGCCAT. The cognate motifs are in bold.
Two docking methods were used to build models for protein-DNA complexes from the unbound protein and standard DNA structures. The HADDOCK program (version 2.1) [45] was run with default setting. The DISPLAR predicted interface residues listed in Table 1 and the cognate motifs of the DNA molecules were used to drive the docking. The predicted interface residues were designated as "active" if their solvent accessibilities were >50% and as "passive" otherwise; the DNA cognate motifs were designated as "active". One thousand poses were generated in the rigid docking stage, with 200 of these and their "images" produced by 180° rotation selected for further refinement by semi-flexible docking to yield 200 final poses. The semi-flexible segments on the protein and DNA molecules were selected automatically in the interface of the poses. ZDOCK 2.3 [46] was used to run rigid body docking for the two targets with 15˚ rotation sampling. As in our previous work [14] , parameters for DNA required for running ZDOCK were taken from Fanelli and Ferrari [12] . The terminal nucleotides of the DNA molecule were blocked in For each protein, the top row(s) are residues in the DNA binding interface identified by NMR chemical shift perturbation; the bottom row(s) are the counterparts by DISPLAR prediction. The latter are presented in three groups separated by semicolons, indicating correct, loosely correct, and incorrect predictions, respectively. In the "Protein name" column, residue numbers in parentheses in some entries indicate the protein segments used for interface prediction.
ZDOCK running. After each ZDOCK run, the 2000 poses collected were ranked by using the predicted interface residues listed in Table 1 and the cognate motifs of the DNA molecules. Specifically, the percentage of these residues/nucleotides found in the interface of each pose was used as the scoring function.
The docking results were evaluated against the target structures according to L-RMSD, the RMSD between the DNA molecules in the docked structure and the target structure after the protein molecules were aligned. RMSD was calculated using the Profit program (http://www.bioinf.org.uk/software/profit/) based on C a and P atoms on protein and DNA molecules, respectively. A docked structure with L-RMSD < 10 Å was considered nearnative.
RESULTS AND DISCUSSION
Binding Site Predictions
We used the DISPLAR program to predict the DNA binding sites of 20 proteins which have published chemical shift perturbation data. The predicted interface residues are listed in Table 1 and displayed in Fig. (1) . Compared with the binding sites defined by chemical shift perturbation, the DISPLAR predictions overall seem quite successful. Of the predicted interface residues, 36% are identical with those identified by chemical shift perturbation; the predictions cover 45% of all the interface residues identified by chemical shift perturbation.
The predicted binding sites coincide with those identified by chemical shift perturbation data, as shown in Fig. (1) . Most of the predicted residues not identical to those identified by chemical shift perturbation are located close to the latter residues. If the definition of correct predictions is extended to include four nearest spatial neighbors of any actual interface residue, the prediction accuracy increases from 36% to 74%.
As comparison, the PFplus predictions have an accuracy of 27% and cover 63% of all the interface residues identified by chemical shift perturbation. With the looser definition, the accuracy increases to 60%. DISPLAR has a significantly higher accuracy than PFplus, though with a somewhat lower coverage. The higher coverage of PFplus is the result of over-prediction: chemical shift perturbation identified 295 interface residues for the 20 DNA-binding proteins; PFplus predicted 694 residues, more than doubling the actual number. In contrast, DISPLAR predicted 368 interface residues, much closer to the actual number. Though based on different techniques, both DISPLAR and PFplus benefit from the enrichment of positively charged residues in DNA binding sites.
Structural Models by Docking
We built structural models for DNA-bound complexes of two proteins: MLL CXXC domain and SV40 OBD. The protein structures were those in the unbound state and the DNA structures were those of standard B-DNA. Two docking methods were used; both were assisted by the DISPLAR predicted interface residues of the DNA-binding proteins. We now present the results of the two docking methods separately.
HADDOCK Models
The predicted interface residues on the protein side and the cognate motif of the DNA together were used to guide the HADDOCK process. On the DNA side, either the cognate motif on the 5 -3 strand alone or that together with the matching nucleotides on the complementary strand was designated as "active"; the outcomes were somewhat different.
In the complex of MLL CXXC domain with its cognate DNA, the protein is mostly bound to the major groove, but the N-terminal extends to the minor groove to contact the bases which match the CTGC motif of the 5 -3 strand [41] Fig. (2A) . With only the 5 -3 strand designated as "active", Table 1 for listing of these residues. Interface residues missed by DISPLAR prediction are colored in red. All structural figures were generated using Pymol (www.pymol.org).
HADDOCK produced 10 near-native poses among the 200 final poses. Five of the 10 were found in the third largest cluster when the 200 poses were clustered with a cutoff at 7.5 Å in L_RMSD between poses. The best model, with an L_RMSD of 3.9 Å from the NMR structure of the complex, is compared with the NMR structure in Fig. (2A) . When both DNA strands were designated as "active", 9 near-native poses were produced.
For either cognate DNA sequence, SV40 OBD is bound to the major groove of the DNA Fig. (2B and 2C) . However, though the two complexes involve the same DNA binding site on the protein, its interactions with the two DNA molecules are quite different. With the AGAGGCC sequence, the protein indeed interacts with the cognate motif GAGGC on the 5 -3 strand and the matching nucleotides on the complementary strand. In contrast, with the CGAGGCCAT sequence, the interaction site is shifted downstream along the 5 -3 strand by three base pairs. In addition, the orientation of the DNA is flipped 180°, such that the flipped sequence ATGGC on the complementary strand becomes a stand-in for the cognate motif. For sake of specificity, we refer to the first complex as canonical and the second complex as flipped.
For the canonical complex, HADDOCK with both DNA strands designated as "active" produced 17 near-native poses in the rigid docking stage but only 1 in the final 200 poses. When only one DNA strand was designated as "active", HADDOCK produced only 2 near-native poses in the rigid docking stage and none in the final 200 poses. The relatively poor performance of HADDOCK on this target can be attributed to conformational changes of the protein upon binding DNA. Specifically, the protein loop that deeply pene-trates into the DNA major groove undergoes significant rearrangement Fig. (2B inset) ; several residues, including Asn25, in the unbound structure prevent the close approach of the DNA.
HADDOCK was more successful for the flipped complex. With both DNA strands designated as "active", 5 nearnative poses were produced in the rigid docking stage and 3 poses were among the final 200. When only one DNA strand was designated as "active", 24 near-native poses were produced in the rigid docking stage but none was among the final 200. It should be noted that we designated as "active" the presumed cognate motif, GAGGC on the 5 -3 strand, not the flipped sequence ATGGC on the complementary strand as found in the X-ray structure.
The performance of the semi-flexible refinement is quite different for the DNA-bound complexes of MLL CXXC domain and for SV40 OBD. For MLL CXXC domain, the refinement enriched near-native poses and improved Fig. (2) . Comparison of the best models from docking and the NMR or X-ray structures of the protein-DNA complexes. For each complex, the protein molecules are superimposed. Docking models are shown as green ribbons; actual structures are shown as red ribbons. (A) Complex of MLL CXXC domain with a DNA with a 5 -3 sequence of CCCTGCGCAGGG. The ends of this strand is labeled; the cognate motif in the 5 -3 strand and the matching nucleotides in the complementary strand are shown in pink in the NMR structure (PDB entry 2kkf; [41] ). The protein N-and C-terminals are also labeled. The best HADDOCK model, with an L_RMSD of 3.9 Å and shown here, was obtained by docking the NMR ensemble of unbound conformations in PDB entry 2j2s and the cognate DNA in a standard B-DNA conformation. The RMSD between the unbound (first model in 2j2s) and bound protein is 3.4 Å; the corresponding RMSD for the DNA is 1.0 Å. (B) Complex of SV40 OBD with a DNA with a 5 -3 sequence of AGAGGCC. The ends of this strand is labeled; the cognate motif in the 5 -3 strand and the matching nucleotides in the complementary strand are shown in pink in the X-ray structure (PDB entry 2itl; [42] ). The best ZDOCK model, with an L_RMSD of 3.2 Å and shown here, was obtained by docking the average structure of an NMR ensemble for the unbound protein in PDB entry 1tbd and the cognate DNA in a standard B-DNA conformation. The overall RMSD between the unbound and bound protein is 1.3 Å (the corresponding RMSD for the DNA is also 1.3 Å), but the loop that penetrates deeply into the major groove of the cognate DNA undergoes significant rearrangement, as shown by the inset. Two side chains, Phe23 and Asn25, which experience particularly large movement are presented in the inset. (C) Complex of SV40 OBD with a DNA with a 5 -3 sequence of CGAGGCCAT. The ends of this strand is labeled; the presumed cognate motif, GAGGC on the 5 -3 strand, and the matching nucleotides in the complementary strand are shown in pink in the X-ray structure (PDB entry 2nl8; [42] ). Note that the interaction site as found in the X-ray structure is actually shifted downstream along the 5 -3 strand by three base pairs, and the sequence ATGGC on the complementary strand becomes a stand-in for the cognate motif. The best ZDOCK model, with an L_RMSD of 5.6 Å, is shown here. The overall RMSD between the unbound and bound protein is 1.5 Å; the corresponding RMSD for the DNA is 1.7 Å.
L_RMSD. In contrast, for SV40 OBD, the refinement actually reduced the number of near-native poses. The difference in performance perhaps reflects the larger conformational changes of SV40 OBD upon binding DNA; these larger conformational changes are beyond the small moves employed in the refinement stage.
Overall, for both proteins, HADDOCK generated promising results. In each case, ~20 near-native poses were produced in the rigid docking stage. Here only predicted interface residues are used to drive the docking. In many cases, experimental data (such as provided by chemical shift perturbation) may also be available; these may present valuable information for building better models. More specific constraints, such as pair-wise constraints or constraints on specific atoms instead of whole residues or nucleotides, are also expected to improve docking results [15] . Here we have shown that blindly predicted information at the residue level is already providing a promising start for model building.
ZDOCK models
For both MLL CXXC domain and SV40 OBD, ZDOCK was able to generate dozens of near-native poses of their DNA-bound complexes among 2000 poses. We then reranked the 2000 poses using the DISPLAR predicted interface residues, either alone or in conjunction with the cognate motif on the 5 -3 strand or with the matching pairs on both strands.
For MLL CXXC domain, the ranking of the near-native poses was only slightly improved by the predicted interface residues along with the cognate motif on the 5 -3 strand Fig.  (3A) and made even worse when the predicted interface residues was either used along or in conjunction with the cognate motif basepairs on the two strands. The failure to achieve a significant improvement in re-ranking can be attributed to the fact that the 2000 ZDOCK poses were concentrated around the actual interface, with many poses differing only in the relative orientations of the two subunits. Hence the predicted interface residues did not have a strong ability to distinguish these poses. In fact, even the interface residues found from the X-ray structure of the complex or those identified by chemical shift perturbation resulted in only modest improvement in re-ranking near-native poses Fig. (3A) .
For the canonical complex of SV40 OBD, a near-native pose was re-ranked at the 1st, 2nd, and 14th places, respectively, using DISPLAR predictions alone, and in conjunction with cognate motif basepairs on the two strands and with just the 5 -3 sequence Fig. (3B) . Overall, re-ranking in this case is quite successful. A strength of ZDOCK is that it can tolerate clashes caused by using unbound structures. Consequently, it was able to generate much better models for this target, in which the protein loop involved in DNA binding undergoes significant rearrangement, than HADDOCK. The best ZDOCK model, with an L_RMSD of 3.2 Å, is compared in Fig. (2B) with the X-ray structure of the complex.
For the flipped complex of SV40 OBD, using DISPLAR predictions along with the cognate motif on the 5 -3 strand also significantly improved the re-ranking of near-native poses Fig. (3C) . Here again we designated as "active" the presumed cognate motif, GAGGC on the 5 -3 strand, not the flipped sequence ATGGC on the complementary strand as found in the X-ray structure. The best ZDOCK model, with an L_RMSD of 5.6 Å, is compared in Fig. (2C) with the Xray structure of the complex.
CONCLUSION
We have demonstrated here that the DISPLAR method is very successful in predicting DNA binding sites on proteins. With the high prediction accuracy, the method can be used to assist the docking of protein-DNA complexes. Although protein conformational changes and distortion of DNA from the standard B-DNA structure still present obstacles, current docking methods are found to be very promising in obtaining near-native models with the help of binding site prediction. The different docking methods may performance better on some targets but worse in other targets. The complementarity of different docking methods increases the likelihood that successful structural models can be built for a given protein-DNA complex. In short, the present study suggests that binding site prediction is a useful tool for building structural models for protein-DNA complexes and for experimental design and validation.
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